Eukaryotic nuclear RNA polymerases (RNAPs) are composed of two large subunits and a number of small polypeptides, some of which are common among these enzymes. To understand the function of Rpo26p, one of the five subunits common to yeast RNAPs, 34 different mutations have been isolated in RPO26 that cause cell death in a strain carrying a temperature-sensitive (ts) mutation in the gene (RPO21) encoding the largest subunit of RNAPII. These mutant alleles were grouped into three phenotypic classes (null, ts, and neutral) on the basis of the phenotype they imposed in combination with wild-type RPO21. The function of Rpo26p was addressed by biochemical analysis of the ts rpo26-31 allele. The steady-state level of rpo26-31p was reduced at high temperature; this was accompanied by a decrease in the level of at least two other subunits, the largest subunits of RNAPI (A190p) and RNAPII (Rpo21p). Pulse-chase metabolic labeling and immunoprecipitation of RNAPII showed that at high temperature, rpo26-31 did not lead to dissociation of Rpo26p from the polymerase but prevented the assembly of RNAPII. Overexpression of rpo26-31 partially suppressed the ts phenotype and led to accumulation of the mutant subunit. However, overexpression only marginally suppressed the assembly defect of RNAPII. Furthermore, A190p and Rpo21p continued to accumulate at low levels under these conditions. We suggest that Rpo26p is essential for the assembly of RNAPI and RNAPII and for the stability of the largest subunits of these enzymes.
Transcription of eukaryotic genes is performed by three DNA-dependent RNA polymerases, each responsible for the synthesis of a separate class of RNA. RNA polymerases I (RNAPI) transcribes the rRNA genes, RNAPII synthesizes all mRNAs and some of the small nuclear RNAs, and RNAPIII transcribes genes encoding tRNAs, 5SRNA, and some small nuclear RNAs. Eukaryotic RNAPs are complex molecules composed of two large polypeptides and several smaller subunits, some of which are common among the three enzymes (2) . The two largest subunits of eukaryotic RNAPs are homologous, functionally and structurally, to the two largest subunits of Escherichia coli RNAP. Specific regions of the two largest subunits from both eukaryotes and prokaryotes that bind DNA, RNA, and the nucleotide substrate have been identified, leading to the suggestion that these subunits form the catalytic center of the enzyme (33) . The 45-kDa subunit of Saccharomyces cerevisiae RNAPII (Rpo23p) and the 40-kDa subunit that is common between yeast RNAPI and RNAPIII show sequence similarity to the ␣ subunit of E. coli RNAP and, like the ␣ subunit, are required for the assembly of the RNAPs (2, 42) . In Saccharomyces cerevisiae, five of the smaller subunits are common among the three polymerases: Rpo25p, Rpo26p, Rpo28p, ABC10␣p, and ABC10␤p (2, 42) . A key to the different nomenclature systems for these subunits is given in Fig. 1 .
The existence of common subunits among eukaryotic RNA polymerases has been known for some time (12, 13, 39) , and the genes encoding the common subunits of yeast RNAPs (2) and their human counterparts (reference 37 and references therein) have been cloned. The functions provided by these subunits are essential for the RNAPs, since deletion of any of the genes encoding these subunits leads to cell death in S. cerevisiae (2) . Furthermore, these essential functions are highly conserved throughout evolution, since four of the yeast common subunits can be replaced by their human homologs (reference 37 and references therein). This functional conservation is reflected in the high degree of sequence similarity (40 to 75% amino acid identity) that is observed between homologous subunits from these organisms (reviewed in reference 37). RNAP subunits homologous to the yeast common subunits have been found in archaebacteria (reviewed in reference 25) , but not in eubacteria (e.g., E. coli). This finding suggests that the common subunits do not play a direct role in the catalytic function of the polymerase. The exact nature of the essential and conserved function provided by the common subunits remains largely unknown. We have undertaken a genetic analysis of the function of Rpo26p, one of the subunits common among the three yeast RNAPs. Rpo26p is an acidic subunit with apparent and predicted molecular masses of 23 and 18 kDa (4, 40) , respectively. It is phosphorylated in all three RNAPs, mainly on serine and threonine residues (6, 7, 11, 21) . We have reported previously that RPO26 interacts genetically in two ways with RPO21, the gene encoding the largest subunit of RNAPII (4) . First, an increased gene dosage of RPO26 suppresses, in an allele-specific manner, the temperature-sensitive (ts) phenotype conferred by a linker-insertion mutant allele of RPO21 (rpo21-4). Second, combination of nonlethal mutations in RPO26 with the ts rpo21-4 allele gives rise to cell death at all temperatures (4) . This genetic phenomenon, called synthetic lethality, is often observed among genes that encode functionally interacting proteins (18) .
In an effort to understand the function of the RPO26 gene product, we have isolated a collection of mutant alleles of RPO26. Taking advantage of the genetic interaction between RPO26 and RPO21, a sensitive genetic screen was devised for the isolation of RPO26 mutant alleles. We describe this collection of mutant alleles of RPO26 in this report. Using a ts allele of RPO26 (rpo26-31), we provide biochemical evidence that Rpo26p is required for the assembly of both RNAPI and RNAPII and for the stability of the largest subunits of these enzymes.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strain JF1754 (hsdR Lac Ϫ Gal Ϫ metB leuB hisB) was used as a cloning host. The plasmids used in this study are listed in Table 1 . Plasmid pRPO26HAT (TRP1 CEN6 ARS RPO26), was constructed by inserting a 34-bp double-stranded oligonucleotide at a BclI site (nucleotide 1022; all nucleotide numbers are those of Archambault et al. [4] )
immediately upstream of the RPO26 open reading frame (ORF). The sequence of the top strand of this oligonucleotide is 5Ј-GATCATGTACCCATACGATG TTCCAGATTACGCG-3Ј and encodes a 9-amino-acid epitope (underlined sequence) from the haemagglutinin (HA) antigen of the influenza virus (17) which is tagged on the N terminus of the RPO26 protein (Rpo26p Yeast strains and growth conditions. The names and relevant genotypes of all yeast strains used in this study are listed in Table 2 . Strains JAY472 and JAY476 contain a partial duplication of the chromosomal RPO26 locus (designated pJAY97 in Table 2 ) such that a truncated and nonfunctional copy of RPO26 is expressed from the RPO26 promoter and a full-length copy is transcribed from the galactose-inducible GAL1 promoter (4). JAY472 contains the rpo21-4 ts allele, while JAY476 contains wild-type RPO21. Yeast strain JAY567 was constructed as follows: rpo26-⌬42, expressed from the RPO26 promoter, was integrated into the chromosome by two-step gene replacement. The integrative plasmid pJAY120 (rpo26-⌬42 URA3) was linearized at a HindIII(281) site within the RPO26 genomic fragment (747 bp upstream of the RPO26 ORF) and was introduced into strain W303-1A. Ura ϩ transformants were spread on 5-fluoroorotic acid (5-FOA)-containing medium, and DNA from Ura Ϫ (5-FOA r ) colonies were tested by DNA blot analysis for the replacement of RPO26 with rpo26-⌬42. The same strategy was used to modify RPO26 in strain JAY47 (pGAL-RPO21) for the construction of JAY570. Cells were grown in rich medium or in defined medium supplemented with required amino acids as described previously (36) . Minimal medium lacking inositol was prepared by the method of Culbertson and Henry (16) . For metabolic-labeling experiments, cells were grown in low-sulfate medium (LSM) as described by Kolodziej and Young (23) .
Construction and screening of a bank of randomly mutagenized RPO26 alleles. pRPO26HAT was mutagenized with hydroxylamine by the method of Budd and Campbell (10) . The bank of mutagenized plasmids was introduced into E. coli JF1754. Plasmid DNA from approximately 68,000 independent E. coli transformants was purified and used to transform strain JAY472. JAY472 transformants (Trp ϩ ) were selected on galactose solid medium at 30ЊC. Ten thousand individual colonies were patched onto galactose (ϪTrp) and glucose (ϪTrp) solid media and incubated for 2 days at 30ЊC. Colonies that failed to grow in the presence of glucose (conditions under which the expression of wild-type RPO26 is repressed) but were able to grow with galactose as a carbon source (when transcription of wild-type RPO26 is induced) were selected for further study because they potentially contained nonfunctional alleles of RPO26. Plasmid DNA from each mutant strain was recovered in E. coli cells, reintroduced into JAY472, and tested a second time for the ability to support growth on glucose medium.
Localization of the mutational alterations. Fragment BclI(1022)-HindIII (1780) from the mutant plasmids was used to replace a BclI(1022)/HindIII [in the polylinker downstream of SspI(1756) in RPO26] fragment from plasmid pSN260. This allowed the expression of the former fragment, which contains the RPO26 ORF and 200 bp of downstream untranslated sequences, from a wild-type RPO26 promoter. The phenotype conferred to JAY472 (pGAL-RPO26 rpo21-4) by each newly generated construct was determined as described above.
Phenotype of RPO26 mutant alleles in combination with RPO21. The phenotype of RPO26 mutant alleles in combination with RPO21 was tested in two different yeast strains: JAY476, in which wild-type chromosomal RPO26 is expressed from the GAL1 promoter, and JAY444, in which the entire chromosomal RPO26 ORF is replaced with LEU2 and contains a copy of wild-type RPO26 provided on a plasmid.
(i) JAY476. The mutant alleles of RPO26 were introduced into the cell, and Trp ϩ transformants were selected in the presence of galactose (wild-type RPO26 expressed) at 30ЊC. Drop tests (a suspension of cells in the form of a drop) were performed on galactose (ϪTrp) and glucose (ϪTrp) solid media at 15, 23, 30, and 37ЊC.
(ii) JAY444 (rpo26::LEU2 [pRPO26]). Mutant alleles of RPO26 were introduced into JAY444, and Trp ϩ transformants were streaked on solid medium containing 5-FOA at 23ЊC to select for the loss of the pRPO26 plasmid. Mutant alleles of RPO26 that failed to support growth on 5-FOA were classified as null mutants. Those that gave rise to 5-FOA r colonies were tested for a growth defect at various temperatures as described above.
N-terminal deletion alleles of RPO26. rpo26-⌬42 was constructed by sitedirected mutagenesis as described by Kunkel et al. (24) .
rpo26-⌬84 was made by deletion of all sequences upstream of a HaeIII site at position 1319 in RPO26 sequences, using an internal methionine as initiation site of translation. The ability of rpo26-⌬42 to confer lethality in combination with various rpo21 ts alleles was tested in yeast strain JAY570 (pGAL-RPO21 rpo26-⌬42). Plasmids pJS121 (RPO21), prpo21-4 to prpo21-8, prpo21-17 to prpo21-19, and pYCD11nr were introduced into JAY570, and Ura ϩ transformants were tested for growth in the presence of glucose (RPO21 expression repressed). To test the growth phenotypes of rpo26-⌬42 and rpo26-⌬84, plasmids pJAY116 (pGAL-rpo26-⌬42), pJAY113 (pGAL-rpo26-⌬84), and pJAY112 (pGAL-RPO26) were used to transform JAY444 (rpo26::LEU2 [pRPO26]). Trp ϩ transformants were grown in the presence of galactose and then spread on galactose-5-FOA-containing medium. 5 Kolodziej and Young (22) . In summary, cells were labeled in LSM in two ways: to test the stability of RNAPII, SNY102, SNY103, and SNY172 were grown overnight at 23ЊC to an optical density at 600 nm of 0.5. An equivalent of 5 ϫ 10 7 cells were labeled with 1 mCi of [ 35 S]methionine at 23ЊC for 2 h, chased with 10 mM (final concentration) unlabeled methionine at the same temperature for 30 min, and shifted to 37ЊC for 1 h. A second culture of SNY103 was both labeled and chased at 23ЊC. To assess the ability of newly synthesized polymerase subunits to assemble at 37ЊC, SNY102, SNY103, SNY172, and SNY190 were grown overnight to an optical density at 600 nm of 0.5 at 23ЊC and 5 ϫ 10 7 cells were removed for labeling. The cells were first incubated with 1 mCi of [
35 S]methionine for 10 min at 23ЊC and then transferred to 37ЊC for 110 min.
Cell lysis and immunoprecipitation of RNAPII. Cells were broken with glass beads and RNAPII was immunoprecipitated as described by Kolodziej and Young (22) . To ensure that labeling was equally efficient for all strains, the amount of radioactivity incorporated per microgram of protein was measured for each strain as follows: the protein concentration was determined by the method of Bradford (9) with Bio-Rad protein assay dye reagent concentrate. The amount of radioactivity incorporated into cellular proteins was measured by removing 3-and 6-l aliquots from each cell extract and precipitating with 400 l of 25% trichloroacetic acid. Following a 1-h incubation on ice, the precipitates were collected on 0.45 m-pore-size Millipore nitrocellulose filters that had been presoaked in 1% methionine. The filters were washed with 5% trichloroacetic acid, rinsed with ethanol, and air dried. The amount of radioactivity associated with each filter was counted by using Ecoscint O (DiaMed) in a Beckman LS 6500 scintillation counter. The amount of radioactivity incorporated per microgram of protein was basically the same for all strains. An approximately equal amount of radioactivity from each strain was used for immunoprecipitation of RNAPII with monoclonal antibody 8WG16 (38) , which recognizes the C-terminal domain (CTD) of Rpo21p. The 8WG16 ascites fluid was a gift from Jack Greenblatt. To test the specificity of anti-CTD-immunoprecipitated polypeptides, an extra aliquot of SNY102 cells was labeled and the extract was used for immunoprecipitation with a monoclonal antibody to the human retinoblastoma protein (Pharmingen). The immunoprecipitated samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12% polyacrylamide) along with a purified preparation of RNAPII containing His-HA-Rpo26p (a gift from Aled Edwards). The gel was stained with the colloidal Coomassie blue staining kit (Novex), dried, and exposed to Kodak BioMax MR film at Ϫ80ЊC.
Immunoprecipitation of Rpo26p. Strains JAY444 (RPO26 on a CEN/ARS plasmid), SNY102 (HA-RPO26 on a CEN/ARS plasmid), and SNY190 (HArpo26-31 on a 2m plasmid) were used for this experiment. Cells were grown in YPD (36) at 23ЊC and shifted to 37ЊC for 16 h until they reached an optical density at 600 nm of 0.6; this allowed the cells to undergo a sufficient number of cell divisions (at least six) at 37ЊC and to dilute the RNAP molecules that were synthesized before the temperature shift. The cells were harvested and extracts were prepared by the method described by Harlow and Lane (19) . Equal amounts of protein from each cell extract were used for immunoprecipitation of HA-Rpo26p and associated subunits with monoclonal antibody 12CA5 (a gift from Deming Xu) by the method of Kolodziej and Young (22) , except that no milk powder was added to the immunoprecipitation buffer. The immunoprecipitated complexes were eluted from protein A beads (Sigma) in SDS-PAGE loading buffer and by heating at 65ЊC for 10 min. Samples were separated on an SDS-4 to 20% polyacrylamide gradient gel (Bio-Rad) and transferred to an Immobilon membrane (Millipore), and the membrane was probed with rabbit polyclonal antisera raised against Rpo26p (prepared in this laboratory), Rpo21p (anti-B185, a gift of Christopher Carles and Michel Riva), and A190p (anti-A190, a gift of Masayasu Nomura) and with monoclonal antibody 8WG16, which recognizes CTD. A separate gel was prepared for probing with each antiserum. Horseradish peroxidase-labeled goat anti-mouse or anti-rabbit antibodies were used as secondary antibodies. Signals were detected by treating the membrane with the enhanced chemiluminescence reagent LumiGLO (Kirkegaard and Perry Laboratories) and exposing the membrane to Kodak BioMax MR film.
Immunoblot analysis of the stability of Rpo26p. Cells were grown for the desired lengths of time under either the permissive or nonpermissive conditions, and an equivalent of 1.2 ϫ 10 8 cells was harvested. Cells were broken with glass beads by the method of Kolodziej and Young (23) . The protein concentration was measured by the method of Bradford (9) , and an equal amount of protein from each strain was loaded on an SDS-PAGE gel (10% polyacrylamide). Proteins were separated by gel electrophoresis and were transferred to Immobilon P membrane. The membrane was probed for Rpo26p by using the polyclonal anti-Rpo26p that we generated to this subunit and was probed for the 69-kDa subunit of the yeast vacuolar H ϩ -ATPase (20) by using monoclonal antibody 8B1-F3 (Molecular Probes). The latter was used as a control for loading of equal amounts of protein. Generation of rabbit anti-Rpo26p antibody. A recombinant bacterially expressed glutathione S-transferase-Rpo26p fusion protein was purified on glutathione-agarose beads (Sigma) and was injected into rabbits. The anti-Rpo26p antiserum was partially purified by ammonium sulfate precipitation before being used for this study.
Overexpression of rpo26-31. The growth properties of strains SNY102 (RPO26 on a CEN/ARS plasmid), SNY103 (rpo26-31 on a CEN/ARS plasmid), SNY189 (RPO26 on a 2m plasmid), and SNY190 (rpo26-31 on a 2m plasmid) were tested on YPD at 23 and 37ЊC. To analyze the steady-state level of Rpo26p, the above strains were grown at 23ЊC and shifted to 37ЊC for 6 h. Cell extracts were prepared and the level of Rpo26p was monitored as described above.
RESULTS
Screening for mutant alleles of RPO26 by using synthetic lethality. An invariable feature of eukaryotic RNAPs is the presence of common subunits, yet information concerning their role in the functions of these enzymes is minimal. The aim of the present study is to understand the functional role of the RPO26 gene product, one of the subunits common to yeast RNAPs. It has been observed previously (4) that several rpo26 mutations which do not affect the growth of otherwise wildtype yeast cells do confer lethality when combined with a ts mutation in RPO21 (rpo21-4). On the basis of this observation, a sensitive screen was devised for the isolation of functionally defective mutant alleles of RPO26. In this screen, a plasmidborne library of randomly mutagenized RPO26 was used to isolate individual mutant alleles that confer synthetic lethality on the yeast strain JAY472. Two features of the genotype of JAY472 were relevant to the genetic scheme: (i) it contained the rpo21-4 allele (4), and (ii) expression of the chromosomal RPO26 was under the control of the GAL1 promoter. Cell growth in the presence of glucose resulted in repressed transcription of the chromosomal RPO26 gene and therefore required that a functional RPO26 gene be provided on a plasmid (4). Starting with 10,000 JAY472 transformants, 63 plasmids that conferred a reproducible lethal phenotype on JAY472 in the presence of glucose, indicating that they carried a mutant allele of RPO26, were identified. An example of the lethal phenotype conferred by RPO26 mutant alleles is shown in Fig.  2A .
Localization of mutations. Mutations that confer the synthetic-lethal phenotype on JAY472 might reside in the promoter or in the ORF of RPO26. To distinguish between these possibilities, a 758-bp fragment that contained the RPO26 ORF and approximately 200 bp of downstream untranslated sequences was isolated from each mutant plasmid. This was used to replace the same fragment in an analogous unmutagenized plasmid (see Materials and Methods), allowing expression of the former fragment from a wild-type RPO26 promoter. The phenotype conferred by subcloned RPO26 mutant alleles was retested in JAY472 (pGAL-RPO26 rpo21-4), as described above. All but five of the mutant alleles continued to confer synthetic lethality when expressed from a wild-type RPO26 promoter. Sequencing of the promoter of RPO26 for the remaining five mutants showed that they carried mutations in the promoter region. More detailed analysis of these mutants will be reported elsewhere (30) .
Sequence analysis of rpo26 mutant alleles. The sequence of the RPO26 ORF and 200 bp of downstream untranslated sequences was determined for the 63 plasmids recovered in the screen. Except for the promoter mutations mentioned above, all had mutations in the RPO26 ORF. Thus, 29 different functionally defective mutant alleles of RPO26 were identified (Table 3), 16 of which were isolated more than once. This suggests that most, if not all, of the possible hydroxylamine-induced mutations in RPO26 that can confer a synthetic-lethal phenotype with rpo21-4 have been recovered. All missense and nonsense mutations (except one, M1I) affected amino acids that are clustered in the C-terminal two-thirds of the protein (amino acids 50 to 155 [ Fig. 3]) . In contrast, no mutations that changed amino acids at the N terminus of Rpo26p (amino acids 1 to 50) were isolated, although 34 of the 50 codons encoding this region could be mutated by hydroxylamine. This suggests that the C-terminal portion of the Rpo26p is sufficient to support cell growth (see below). Two N-terminal deletion alleles of RPO26 were constructed to substantiate this idea.
rpo26-⌬42 and rpo26-⌬84 encode truncated Rpo26p subunits that lack the first 42 and 84 amino acids, respectively. When expressed on a plasmid from the GAL10 promoter, rpo26-⌬42 was able to complement a chromosomal deletion of RPO26 in a plasmid-shuffling assay (see Materials and Methods). In contrast, rpo26-⌬84 failed to support growth under these conditions (data not shown). Furthermore, the growth phenotype of strain JAY567, in which full-length chromosomal RPO26 was replaced with rpo26-⌬42, was indistinguishable from the wild-type phenotype at all temperatures tested (data not shown). Finally, rpo26-⌬42 was unable to confer synthetic lethality when tested in combination with various ts (rpo21-4 to rpo21-8 and RPO21R11) and neutral (rpo21-17 to rpo21-19) mutant alleles of RPO21 (Fig. 2C) . Therefore, we conclude that amino acids 1 to 42 of Rpo26p are not required for growth under the conditions tested.
Phenotype of RPO26 mutant alleles in an RPO21 background. The phenotype of the newly identified rpo26 mutant alleles was determined in the presence of wild-type RPO21 (instead of rpo21-4) by introducing the plasmids harbouring these alleles into yeast strain JAY476 (pGAL-RPO26). JAY476 transformants were selected on galactose medium and then tested for growth on glucose medium at various temperatures (15, 23, 30 , and 37ЊC). The rpo26 mutant alleles were grouped into three classes (Table 3 ) on the basis of the phenotype they imposed in the presence of wild-type Rpo21p when grown on glucose medium: (i) null, i.e., alleles that did not support growth at any temperature; (ii) ts, i.e., alleles that exhibited a growth defect at 37ЊC but could support normal growth at 23ЊC; and (iii) neutral, i.e., alleles that were capable of supporting growth at all temperatures tested (Fig. 2B and 3) .
The ts mutant alleles were also tested for the ability to support growth in medium lacking inositol at 30ЊC. The requirement of inositol for growth often is associated with ts mutant alleles of genes encoding subunits of RNAPII (1, 3, 4, 5, 34, 35) , such as those that affect its assembly (1, 3, 4) . The Ino Ϫ phenotype is due to the inability of the mutant strains to induce fully the expression of the INO1 gene in the absence of inositol (3, 5, 34) . Only one allele, rpo26-31, showed a severe growth defect in the absence of inositol (data not shown). The phenotypes imposed by the rpo26 mutant alleles were virtually identical when tested in a strain that carries a complete deletion of chromosomal RPO26 (data not shown).
Analysis of the steady-state level of Rpo26p. The steadystate level of Rpo26p in the ts mutants and in a wild-type strain at the permissive and nonpermissive temperatures were compared to assess the functional defect imposed by the ts mutations. The growth rate of the rpo26-31 strain decreased rapidly, beginning approximately 30 min after the shift to 37ЊC. The remainder of the ts strains showed a decrease in the growth rate only 3 to 4 h after the shift (data not shown). Extracts were prepared from cells that were shifted to 37ЊC for either 6 h (for rpo26-31) or 10 h (for the remainder of the ts strains); these were analyzed for the steady-state level of Rpo26p, which was reduced in all of the mutant strains at the nonpermissive temperature. For the rpo26-31 mutation, the steady-state level of Rpo26p was reduced by more than fourfold (compare lanes 7 5988 NOURAINI ET AL. MOL. CELL. BIOL.
on March 1, 2013 by PENN STATE UNIV http://mcb.asm.org/ to 9 with lanes 13 to 15 in Fig. 4A and lanes 7 to 9 with lanes 16 to 18 in Fig. 4B ), whereas in the remainder of the ts mutants, the amount of Rpo26p was reduced by only twofold or less (data not shown). rpo26-31 was chosen from among the RPO26 ts mutant alleles for further analysis, since it conferred the most severe temperature-dependent growth defect. Suppression of the ts phenotype by overexpression of rpo26-31. The reduction in the amount of rpo26-31p at high temperature might be due to a decrease in the thermodynamic stability of this subunit or to an inability to assemble into the polymerase complex or both. In either case, Rpo26p might become more susceptible to degradation, which might be remedied by overexpression of the mutant subunit. As shown in Fig. 5A , overexpression of rpo26-31 suppressed, albeit not completely, the ts phenotype due to this mutation. Furthermore, overexpression of rpo26-31 also suppressed the Ino ⌬42 pGAL-RPO21) . Note that the rpo21-4 allele conferred a slow-growth phenotype in JAY570 (RPO26 on the chromosome) (C) compared with JAY472 (RPO26 on a low-copy plasmid) (A) when tested at 30ЊC. This is because the phenotype of rpo21-4 is sensitive to the copy number of the RPO26 gene; the ts phenotype of rpo21-4 was suppressed by increased RPO26 gene dosage when carried on a low-copy-number plasmid (4 (Fig. 5B) showed that overexpression of rpo26-31 (lanes 7 and 8) resulted in a level of rpo26-31p more than twice that obtained when wildtype RPO26 was expressed from a low-copy-number plasmid (lanes 1 and 2) . Analysis of the stability and assembly of RNAPII. Partial rescue of the rpo26-31 ts phenotype by overexpression of rpo26-31p suggests that the mutation may weaken the interaction of Rpo26p with other polymerase subunits, thus affecting either the stability or the assembly of one or more of the three RNA polymerases. If the stability of association of rpo26-31p with the assembled RNA polymerase is reduced at high temperature, one would expect this subunit to dissociate from the polymerase complex upon shifting to the nonpermissive temperature. Strains with HA-RPO26, HA-rpo26-31, and His-HA-RPO26 were labeled metabolically with [ 35 S]methionine to test this possibility. Labeling was carried out at 23ЊC (pulse) followed by a shift to 37ЊC for 1 h in the presence of an excess of nonradioactive methionine (chase). As a control, a portion of the strain with HA-rpo26-31 was both labeled and chased at 23ЊC. RNAPII complexes were immunoprecipitated from cell extracts with a monoclonal antibody (8WG16) that is specific to the CTD, which is unique to the largest subunit of RNAPII, and were analyzed by SDS-PAGE. Figure 6 shows the composition of the immunoprecipitated complexes along with that of a purified preparation of RNAPII which contains His-HARpo26p. The clear difference in mobility of HA-Rpo26p ( Fig.  6; lanes 1, 3, and 4) and His-HA-Rpo26p ( Fig. 6 ; also compare Fig. 4A, lanes 2 and 3) allows unambiguous identification of the subunit and determination of its presence or absence in the polymerase complex (note that HA-rpo26-31p has a higher mobility than its wild-type counterpart, HA-Rpo26p). As shown in Fig. 6 , rpo26-31p was present in the RNAPII complex both before (lane 3) and after (lane 4) the shift to 37ЊC. This result indicates that RNAPII complexes assembled at the permissive temperature are stable at 37ЊC and that the rpo26-31 mutation does not affect the stability of RNAPII.
The ability of newly synthesized rpo26-31p to be incorporated into the RNAPII complex was analyzed at 37ЊC to investigate whether rpo26-31 affected the assembly of this enzyme. Since rpo26-31p accumulated only in small amounts at 37ЊC, a strain was used in which the HA-rpo26-31 allele was overexpressed. This strain, along with cells expressing HA-RPO26, HA-rpo26-31, and His-HA-RPO26 on low-copy-number plasmids, was labeled at 37ЊC for 2 h. Cell extracts were prepared, and RNAPII complexes were immunoprecipitated with the 8WG16 antibody (Fig. 7A) . As a negative control in this experiment, the immunoprecipitation analysis of extracts from cells that express HA-RPO26 was also carried out with a monoclonal antibody that recognizes the human retinoblastoma protein (not present in S. cerevisiae). As above, the difference in the mobility of His-HA-Rpo26p (Fig. 7A, lane 1) and HA-Rpo26p (lanes 3 and 5) was used to identify the subunit and to determine that it was able to assemble into the RNAPII complex at high temperature. However, although rpo26-31p was overexpressed relative to wild-type Rpo26p, the total amount of RNAPII immunoprecipitated from the mutant strain was substantially smaller (lane 5) than the amount precipitated from a wild-type strain (lanes 1 and 3) . The difference in the amount of RNAPII (Fig. 7A) was not due to a reduced overall rate of protein synthesis in the mutant strain. This was shown by repeating the metabolic labeling experiment and using a monoclonal antibody to the 69-kDa subunit (Vma1p) of the multisubunit vacuolar H ϩ -ATPase (20) to immunoprecipitate the ATPase complex, an enzyme with no known functional relevance to RNAPII. As shown in Fig. 7B , the level of newly synthesized subunits of the ATPase complex was comparable among the wild-type (lanes 1 and 3) and mutant (lanes 4 and 5) strains. Therefore, the reduction in the amount of RNAPII detected in the mutant strain is likely to be the result of a specific deficiency in assembled RNAPII at high temperature. Furthermore, since the antibody used for immunoprecipitation of RNAPII was directed to Rpo21p, this subunit must fail to accumulate at 37ЊC in the rpo26-31 strain.
Immunoprecipitation of Rpo26p and associated subunits. Results from immunoprecipitation of RNAPII with an antibody directed against Rpo21p (see above) are consistent with the idea that the rpo26-31 mutation reduces the affinity of rpo26-31p either for Rpo21p or for other subunits in the polymerase, a situation that leads to a reduction in the steady-state level of the Rpo21 subunit. This interpretation was reinforced with an experiment in which HA-Rpo26p was immunoprecipitated from extracts of wild-type and mutant cells grown at the nonpermissive temperature. Two strains that express HARpo26p or untagged Rpo26p (as a negative control) on lowcopy-number plasmids and a third that overexpresses HArpo26-31 were grown exponentially at 23ЊC and then shifted to 37ЊC for 16 h; this allowed the cells to undergo a sufficient number of divisions to dilute out polymerase molecules that had been assembled at the permissive temperature. Cell extracts were prepared, and HA-Rpo26p and associated subunits were immunoprecipitated with monoclonal antibody 12CA5, which recognizes the HA epitope. Protein blotting was used to monitor the presence of the Rpo21 subunit with the CTDspecific 8WG16 antibody (Fig. 8A) and with a polyclonal antibody (␣-B185) that was raised against the whole subunit (Fig.  8B) . The amount of Rpo21p detected in cell extracts (lane 2 versus lanes 3 and 4 in Fig. 8A and B) or found in association with Rpo26p (lane 6 versus lanes 7 and 8 in Fig. 8A and B) was reduced in the presence of the rpo26-31 mutation, even though an excess amount of rpo26-31p was produced in the mutant strain (Fig. 8D , compare lane 2 with lanes 3 and 4 and compare lane 6 with lanes 7 and 8). Hence, the results of this experiment support the conclusion drawn from immunoprecipitation of RNAPII with 8WG16 antibody (see above).
Analysis of the assembly of RNAPI. Since the Rpo26p subunit is common to RNAPI, RNAPII, and RNAPIII, it is possible that the rpo26-31 mutation, in addition to affecting the stability of Rpo21p, also affects the accumulation of subunits of either of the other two polymerases. To this end, the amount of the largest subunit of RNAPI (A190) present in cell extracts and in anti-HA immunoprecipitates was determined by using a polyclonal antibody (anti-A190) raised against this protein. ) and SNY103 (HA-rpo26-31) were grown at 23ЊC to early log phase. The cells were divided into two portions; one was kept at 23ЊC, and the other was shifted to 37ЊC for 6 h. Cells were harvested after 6 h of growth, and extracts were prepared. An equivalent of 4 g (lanes 4, 7, 10, and 13) 8 g (lanes 5, 8, 11, and 14) , and 16 g (lanes 6, 9, 12, and 15) of protein was loaded on an SDS-PAGE gel (10% polyacrylamide), and used for blotting. Lane 1 contains a partially purified preparation of RNAPII from W303-1A, and lanes 2 and 3 contain 10 g of extract prepared from SNY102 (HA-RPO26) and SNY172 (HIS-HA-RPO26), respectively. (B) SNY102 and SNY103 were grown as described above, except that aliquots of cells were removed before and 2, 4, and 6 h after the temperature shift. Equivalents of 4 g (lanes 1, 4, 7 this subunit coimmunoprecipitated with HA-Rpo26p (compare lane 6 with lanes 7 and 8) were reduced in the presence of the rpo26-31 mutation. This indicates that the defect caused by the rpo26-31 mutation affects RNAPI as well as RNAPII. An independent test for assembly of Rpo26p into RNAP. The above observations suggest that the failure of rpo26-31p to accumulate is due partly, if not completely, to the inability of this subunit to assemble into RNAPII (and RNAPI) at high temperature. In a yeast strain that expresses both rpo26-31p and Rpo26p, the wild-type subunit should be able to compete with the mutant subunit for assembly into RNAPII and RNAPI. As a consequence, one would expect a reduced steady-state amount of rpo26-31p in the presence of Rpo26p compared with that in its absence. This hypothesis was tested by measuring the steady-state level of a plasmid-encoded, HAtagged Rpo26p (either wild type or mutant) in the presence of an untagged, chromosomally expressed Rpo26p. This was compared with the level of HA-rpo26-31p when the chromosomal RPO26 was replaced with LEU2. The difference in the mobility of the two forms of Rpo26p (HA tagged and untagged) in an SDS-PAGE gel allowed a determination of the individual contribution of each allele to the overall steady-state level of Rpo26p. As shown in Fig. 9 , when both the plasmid-and chromosome-encoded RPO26 were wild type (Fig. 9, lanes 5 to  7) , an equal amount of both species of Rpo26p was present. In contrast, the steady-state amount of plasmid-encoded subunit was reduced when rpo26-31 was carried on the plasmid (lanes 8 to 10). This reduction in the steady-state level of rpo26-31p was observed only in the presence of wild-type Rpo26p; in the absence of wild-type RPO26 expression, the amount of rpo26-31p was similar to that of wild-type Rpo26p at the permissive temperature (compare lanes 2 to 4 with lanes 11 to 13 in Fig.  9 and also lanes 4 to 6 with lanes 7 to 9 in Fig. 4A ). These results support the suggestion that accumulation of rpo26-31p depends on association with other RNAP subunits and that the rpo26-31 mutation compromises its ability to assemble into an RNAP complex.
DISCUSSION
Essential regions of Rpo26p. Starting with a library of randomly mutagenized RPO26, we have isolated a collection of functionally defective mutant alleles of this gene that are synthetic lethal with rpo21-4. The clustering of the amino acid changes in the C-terminal end of Rpo26p and the ability of rpo26-⌬42 to support normal growth and sporulation suggest that the N-terminal region of Rpo26p is dispensable for all functions of this subunit. The finding that the N-terminal region of Rpo26p is dispensable for growth provides an explanation for the lack of conservation of this region in the homol- (Fig. 10) . It also explains the low degree of sequence similarity observed for this region of Rpo26p among various eukaryotes (Fig. 10) . It has been suggested that the acidic N-terminal region is needed for an unknown function that is required only in eukaryotes (37) . Perhaps the function of the acidic N terminus of Rpo26p is redundant in the eukaryotic transcriptional machinery, and therefore its absence escapes detection. A region of 13 amino acids in the C-terminal domain of Rpo26p is highly conserved in eukaryotes and in archaebacteria (Fig. 10) , suggesting that this region of Rpo26p provides an essential function. This is supported by the finding that the only two lethal amino acid substitutions in Rpo26p isolated in our study affect residues in this region (E89K in rpo26-9, and G95D in rpo26-10 [underlined in Fig. 10]) .
Biochemical analysis of the defect caused by rpo26-31. We have shown that rpo26-31 leads to a significant reduction in the steady-state level of rpo26-31p and in the amount of assembled RNAPI and RNAPII. We suggest that the reduction in the steady-state level of rpo26-31p is due to degradation of the mutant subunit, since the ts phenotype of rpo26-31 can be partially suppressed in two ways: by overexpression of the mutant subunit (this study), and by mutation of the gene encoding a putative catalytic subunit of the cellular proteasome (31) . However, overexpression of the mutant subunit is only marginally effective in restoring the amount of assembled RNAPII (Fig. 7A, compare lanes 4 and 5) , suggesting that the mutant subunit is unable to assemble into the polymerase complex as efficiently as the wild-type subunit does. This is supported by the observation that rpo26-31p becomes unstable in the presence of a source of wild-type Rpo26p (Fig. 9) under conditions in which the mutant subunit normally accumulates to wild-type levels (23ЊC). Presumably, the wild-type subunit can bind more efficiently than rpo26-31p to the polymerase complex, rendering the mutant subunit susceptible to degradation.
These observations are consistent with the idea that the rpo26-31 allele encodes an unstable polypeptide that becomes stabilized following assembly into the RNAP complex. Two possibilities, not mutually exclusive, may account for the temperature-dependent instability of the rpo26-31 protein. First, instability may be an intrinsic property of rpo26-31p as a result of misfolding, and assembly with RNAP may stabilize the subunit in its proper conformation. At high temperature, the instability of rpo26-31p may be more pronounced; overproduction of rpo26-31p may compensate for this by raising the steady-state level of the mutant subunit. Second, the instability of rpo26-31p may be a consequence of its reduced ability to assemble with the rest of the RNAP complex. In this case, an increase in temperature would further reduce the affinity of the subunit for the RNAP complex; overproduction of rpo26-31p may compensate for this by shifting the equilibrium toward complex formation. According to this idea, unassembled Rpo26p, either mutant or wild type, is prone to degradation.
As indicated above, only a marginal increase in the amount of RNAP at high temperature is sufficient to alleviate the growth defect imposed by rpo26-31. This observation suggests that the amount of RNAPs in a yeast cell exceeds the requirement for normal growth, at least at moderate temperatures. Several studies lend support to the observation that S. cerevi- When the expression of RPO21 was repressed by the addition of leucine to the growth medium, the steady-state level of Rpo21p was reduced by at least 10-fold; nevertheless, the cells acquired a lethal phenotype only at 37ЊC (3). Second, Mosrin et al. (28) showed that partial suppression of a nonsense mutation in RPC31, which encodes a RNAPIII subunit, by a tRNA suppressor reduced the level of Rpc31p; however, the cells grew slowly only on minimal medium (28) . Third, deletion of the gene encoding the RNAPI subunit A12.2 led to a reduction in the steady-state level of the largest subunit of RNAPI and a ts growth phenotype (29) . ts mutations that create an assembly defect have been identified previously (22, 27) in genes that encode other subunits of RNAPs, and they can be divided into two classes. The first includes mutations that lead to the accumulation of subcomplexes at the nonpermissive temperature. Mutations that affect the three largest subunits of RNAPII are examples of this class (22) . The second class includes those that do not lead to the accumulation of subcomplexes at the nonpermissive temperature. The latter group is exemplified by a ts mutation in AC40, a subunit that is common to RNAPI and RNAPIII (27) . The mutation in rpo26-31 falls in the latter class, since it reduces the total amount of RNAPI and RNAPII without leading to an accumulation of subcomplexes.
The requirement of a small subunit of an RNA polymerase for the stability of the large subunits is not unprecedented. As indicated above, the absence of the A12.2 subunit of RNAPI leads to a reduction in the steady-state level of the largest subunit of this enzyme (A190). Similarly, it is possible that Rpo26p is required for the stability of unassembled Rpo21p and Rpo11p. If the stability of Rpo21p is dependent on its ability to assemble into the polymerase complex, why does it accumulate when the assembly of RNAPII is blocked by mutations in RPO21, RPO22, and RPO23? In the assembly experiments performed by Kolodziej and Young (22) , the association of the smaller subunits with the three largest subunits was not analyzed. Therefore, it is possible that Rpo21p that is not assembled with Rpo22p and Rpo23p remains associated with Rpo26p or a subcomplex of subunits containing Rpo26p and therefore is able to accumulate.
The postulated role of Rpo26p as an assembly factor is FIG. 8. Immunoprecipitation of HA-Rpo26p and associated subunits. Strains JAY444 (RPO26 on a CEN/ARS plasmid), SNY102 (HA-RPO26 on a CEN/ARS plasmid), and SNY190 (HA-rpo26-31 on a 2m plasmid) were grown at 23ЊC and shifted to 37ЊC for 16 h. Cell extracts were prepared, and, starting from equal amounts of protein from each extract, HA-Rpo26p and associated complexes were immunoprecipitated with monoclonal antibody 12CA5, which recognizes the HA epitope. Shown are the results of protein blot analysis of crude extracts (lanes 1 to 4) and the immunoprecipitated complexes (lanes 5 to 8), probed with the following antibodies: (A) the monoclonal 8WG16 antibody raised against the C-terminal domain of Rpo21p, (B) a polyclonal rabbit antibody raised against the whole Rpo21p (or B185) subunit, (C) a polyclonal rabbit antibody raised against the largest subunit of RNAPI (A190), and (D) the polyclonal rabbit antibody raised against Rpo26p. Lane 9 in panels A, B, and D contains a sample of a partially purified fraction of RNAPII containing HA-Rpo26p. Lane 9 in panel C contains a sample of a partially purified fraction of RNAPI.
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on March 1, 2013 by PENN STATE UNIV http://mcb.asm.org/ consistent with the fact that the appearance of common subunits coincides with the evolution of complex RNAPs in archaebacteria, in contrast to the simple four-subunit RNAP in prokaryotes (reviewed in reference 25). It is possible that the common and other small subunits evolved so as to acquire a stabilizing effect on the larger subunits, which may also serve to drive the assembly of the multisubunit RNAP toward complex formation. The common subunits might also have acquired other functions. For example, human Rpo25p has been shown to interact with the human hepatitis B virus X (HBx) transcriptional activator (14) and has been implicated in mediating the transactivation by HBx of RNAPI, RNAPII, and RNAPIII transcription (14) . The RPO26 mutant alleles in our collection might include those that affect a possible secondary role of Rpo26p. Furthermore, it is possible that the genetic screen used in this study targeted specifically the mutant alleles of RPO26 that impair the role of this subunit in the assembly of the RNAPs and the stability of their largest subunits. An alternative strategy for isolating mutant alleles of RPO26 might reveal other functional roles for this subunit in eukaryotic transcription. FIG. 10 . Sequence conservation of Rpo26p across various eukaryotic and archaebacterial species. Shown is a schematic representation of the Rpo26p from various species. The amino acid sequence of Rpo26p from S. cerevisiae was compared with the sequence of this subunit from the other species (Homo sapiens, Drosophila melanogaster, Schizosaccharomyces pombe, Halobacterium marismortui, and Sulfolobus acidocaldarius). The N-terminal box of homology that is observed only in eukaryotic subunits contains a high proportion of acidic amino acids. The gray-shaded C-terminal region in the subunit from all of the species represents a region with a high degree of amino acid identity (7 of 15 amino acids) between the yeast subunit and each heterologous subunit. The solid box represents a region of high homology (7 of 13 identical amino acids) conserved in Rpo26p subunits from all the species. The amino acids that when mutated give rise to a null phenotype, as determined by our genetic screen, are underlined.
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